A provocative new study rearranges the base of the dinosaur evolutionary tree, upending 130 years of consensus. Does it hold up to scrutiny?
Phylogenetics rarely make the headlines. Last month, however, the Atlantic reported on a bombshell discovery that in their words would ''shake dinosaur paleontology to its core''. That same day, the Guardian went with a headline that could hardly have been more bombastic: 'Radical shakeup of dinosaur family tree'. What they -and hundreds of other articles from breathless science journalists -were referring to was a paper in Nature that described a reordering of the basic subdivisions of the dinosaurs based on a new genealogical analysis by Matthew Baron and his colleagues, David Norman and Paul Barrett [1] .
I was taught in school that dinosaurs could be divided into two major groups based on the structure of their hips. The 'lizard-hipped' saurischians have a pubis bone pointing forward, as in modern lizards. The flesh-eating theropods (think Tyrannosaurus rex or Velociraptor) and the earth-shaking sauropods (Brontosaurus, Diplodocus, and kin) share this type of pelvis, so they all are saurischians. On the other hand, the 'bird-hipped' ornithischians have a pubis that points backwards, like in today's birds (which, confusingly, are actually theropods that evolved this hip configuration independently). Triceratops and other horned dinosaurs, the duckbilled dinosaurs, the plate-backed stegosaurs and armored ankylosaurs all fall into this category.
The saurischian-ornithischian split was first proposed by Harry Govier Seeley in 1887 [2] . Surveying the wealth of dinosaur fossils flooding out of Europe and the American West, Seeley recognized that they could be separated into two distinct types. It wasn't only the hips, but also differences in the vertebrae, skull and body armor that separated saurischians from ornithischians. Unlike so many fanciful ideas from this pioneering generation of dinosaur hunters, Seeley's basic classification scheme has persisted until today. In fact, evidence for it has gotten stronger, as the cladistics revolution of the 1980s -most importantly the seminal work of Jacques Gauthier [3] -identified additional features of the skeleton shared by theropods and sauropods, but lacking in ornithischians.
Over the last 15 years, the pace of new dinosaur discoveries has surpassed even the frenzy of Seeley's era. On average, a new species of dinosaur is being discovered somewhere around the world each week, meaning there is a whole variety of new dinosaurs and close dinosaur relatives that Seeley, or Gauthier for that matter, could not have studied [4] [5] [6] [7] . Even so, the classic saurischianornithischian dichotomy has held up, as it has regularly been corroborated by ever larger and more comprehensive phylogenetic analyses.
Sometimes, however, looks can be deceiving. The excitement over the new fossils has concealed a problem: few phylogenetic analyses have included a broad sample of primitive dinosaurs, particularly ornithischians. This issue was noted by Richard Butler, while he was working on his PhD at Cambridge University in the mid 2000s. He built a large dataset to study the genealogical relationships of early ornithischians, and although he still recovered the big split between lizard-and bird-hipped species, he found a bizarre group of small, fastrunning, omnivorous ornithischians called heterodontosaurids to be very close to the base of the ornithischian family tree [8, 9] . This was a curious result, because these heterodontosaurids -once thought to be a strange derived offshoot of more advanced ornithischians -walked on two legs and had big, clawed hands perfect for grabbing prey; hands that were eerily similar to those of theropods. Maybe, Butler surmised, there was a closer relationship between ornithischians and theropods than doctrine would suggest, but he didn't quite have the evidence to demonstrate it.
Enter Matthew Baron, who found himself in Butler's old department in Cambridge, doing a PhD thesis with Butler's former advisor, David Norman (and co-supervised by Paul Barrett). Baron also started to note similarities between theropods and ornithischians that were not present in sauropods. He decided to compile the biggest dataset that he could, combining anatomical characters from previous studies with new features, assessed across more than 70 species of early dinosaurs and close cousins. When he analyzed the dataset, he found a most unexpected result: theropods and ornithischians grouped together, with sauropods on a separate branch of the genealogy [1]. In essence, he had cut apart the three thickest, most fundamental branches of the family tree and regrafted them in a new arrangement. It was no longer theropods and sauropods banded together as saurischians, with ornithischians on the outside. Now, the theropods and ornithischians formed their own big group, which Baron and his colleagues called 'Ornithoscelida'. The new dinosaur dichotomy was ornithoscelidans vs. sauropods (Figure 1) .
Predictably, and deservedly, the study captured huge public attention. In one sense, it is a shocker, like finding out that the woman who you thought was your grandmother was, in fact, your real grandmother's sister. It's the sort of epic family drama that could play out on the Jerry Springer show. But in another sense, we should remember that, at its crux, the paper of Baron et al.
[1] is about reshuffling a small part-albeit an important one -of the dinosaur family album. It doesn't change the grand story of dinosaur evolution: they still originated as humble, dog-sized speedsters as the world healed from the end Permian mass extinction [10] [11] , which then spread across the globe while some grew to unholy sizes [12] . Later, other dinosaurs evolved into birds [13] , and then all of them, except the birds, died in the brimstone of the endCretaceous asteroid impact [14] . Now a debate begins: should we rewrite the textbooks and use this new family tree as our framework for studying dinosaur evolution? Expect vigorous discussion, maybe for many years! The ornithischiansaurischian division is so fundamental to dinosaur classification, and has been reaffirmed by so many studies over more than a century, that it has become dogma. Dogma can, of course, be wrong. But the bar for overturning dogma must be high. And in this case, there are two main issues that will take a while to sort out. First, the Baron et al.
[1] study, although sensational, is only the latest phylogenetic analysis of early dinosaurs. While no other studies have found a theropodornithischian group, they do differ in many other fundamental ways [5] [6] [7] [8] [9] [10] [11] [15] [16] [17] [18] [19] . There is huge debate about whether herrerasaurids -two-legged, horsesized predators that were among the very first dinosaurs -are primeval theropods or even more primitive species that branched off earlier on the family tree [1, [5] [6] [7] [10] [11] [15] [16] [17] [18] [19] . Nobody seems to agree on whether a poodle-sized dinosaur living with the herrerasaurids, called Eoraptor, was a primitive member of the theropod or sauropod group [5] [6] [7] [18] [19] . Some studies even link ornithischians to a group of beaked, quadrupedal reptiles called silesaurids [7] , which most workers consider as non-dinosaurs (e.g., [18] [19] [20] ). It seems as though many of these early dinosaurs, and their close relatives, were so similar to each other in body and behavior that untangling their relationships is very difficult.
Second, and perhaps more pressing, any phylogenetic analysis rises or falls with the dataset it uses. But unlike with most contemporary phylogenetic analyses, we can't just stick dinosaur bones into a gene sequencer and then analyze relationships based on DNA. Instead, humans have to come up with the lists of characters and then assess them in each species in the dataset. By nature this is a somewhat subjective exercise, so the big test of the Baron et al. [1] family tree is whether it stands up to the scrutiny of other researchers, who will no doubt be forensically examining their dataset for years to come. For dinosaur researchers, the fun is only just beginning. No matter the eventual outcome -regardless of which family tree turns out to be best supported -this debate is a sign that we still have so much to learn about dinosaurs. If something held to be canon for 130 years turns out to be wrong, then who knows what the next new fossil or new evolutionary analysis might tell us?
